We present the experimental and simulation results of two-dimensional optical coherent correlation spectroscopy signals along the phase-matching direction k I =−k 1 + k 2 + k 3 projected on the two-dimensional ͑2D͒ ͑⍀ 3 , ⍀ 2 ͒ plane corresponding to the second and third delay periods. Overlapping Raman coherences in the conventional ͑⍀ 3 , ⍀ 1 ͒ 2D projection may now be clearly resolved. The linewidths of the heavy-hole ͑HH͒ and light-hole ͑LH͒ excitonic Raman coherence peaks are obtained. Further insights on the higher-order ͑beyond time-dependent Hartree-Fock͒ correlation effects among mixed ͑HH and LH͒ two excitons can be gained by using a cocircular pulse polarization configuration.
I. INTRODUCTION
Ultrafast spectroscopy has been extensively used to study the dynamic processes in molecules 1 and semiconductors.
2 Transient absorption reveals that energy relaxation and transient four-wave mixing ͑TFWM͒, also known as photon-echo spectroscopy, probe dephasing processes.
Recently, these studies have been extended by implementing ideas originally developed in nuclear magnetic resonance. 3 These techniques require that the phase of the emitted field be measured as a function of delay between the excitation pulses, which itself must have subwavelength stability. Correlations between resonances can be determined by taking a two-dimensional Fourier transform with respect to the emission time and the delay between excitation pulses. This family of techniques, known as multidimensional correlation spectroscopy [4] [5] [6] or multidimensional Fourier transform spectroscopy, is typically implemented using a threepulse TFWM geometry. Consequently, there are three time delays, the delay between the first two pulses t 1 , the delay between the second and third pulses t 2 , and the emission time after the third pulse t 3 . Fourier transforming with respect to all three of these to obtain corresponding frequency variables, ⍀ 1 , ⍀ 2 , and ⍀ 3 , would yield a three-dimensional spectrum. Two-dimensional ͑2D͒ spectra are obtained by holding one time delay fixed. 2D correlation spectroscopy ͑2DCS͒ has clarified numerous subtleties of dynamics and coherences inaccessible by conventional TFWM.
Coherent one-dimensional ͑1D͒ optical spectroscopy has been extensively used to study excitation dynamics in direct gap semiconductors, such as GaAs. 7 The optical properties near the fundamental gap at low temperature are dominated by excitonic ͑bound electron-hole pair͒ resonances. While the original goal was to study dynamics, it quickly became clear that the coherent response was dominated by manybody effects, particularly for the excitonic resonances. These effects were classified phenomenologically as local field, 8 excitation induced dephasing, 9 biexcitonic, 10 or excitation induced shift. 11 Modeling these phenomena requires going beyond the Hartree-Fock approximation used in the semiconductor Bloch equations, 12 thus higher order terms must be included using the nonlinear exciton equations ͑dynamics controlled truncation͒. 13, 14 Coupling between excitonic and continuum states was also shown to dramatically influence the coherent response. 15 Despite the good agreement between experiment and theory, it was difficult to separate the various contributions using traditional coherent spectroscopic techniques.
Over the past few years, 2DCS has greatly enhanced the understanding of many-body effects in the coherent response of semiconductor quantum wells ͑QWs͒. Initial results showed the dominance of many-body effects and coupling to the continuum. 16 Insight into the phenomenological description of many-body effects was gained by examining the lineshapes 17 and the polarization dependence. 18 In parallel, theoretical descriptions of 2DCS signals from semiconductors have been developed. [19] [20] [21] 2DCS has also recently been applied to semiconductor quantum dots. 22 In these studies, a 2D spectrum was obtained by detecting the signal in the direction k I =−k 1 + k 2 + k 3 and holding the delay between the second and third pulses fixed. We designate such spectra as S I ͑⍀ 3 , t 2 , ⍀ 1 ͒.
Raman coherences between two states not directly coupled by a transition dipole are of interest for the study of coherent processes in semiconductors 23, 24 as well as in photosynthetic 25 complexes. It is also essential for effects such as electromagnetically induced transparency, lasing without inversion and slow light. 26 The Raman coherence among heavy-hole ͑HH͒ and light-hole ͑LH͒ excitons can produce quantum beats in TFWM experiments. However, early experiments on quantum beats in QWs and in bulk semiconductors 27, 28 cannot easily isolate or are very insensitive to the Raman coherence. In fact, standard two-pulse TFWM experiments are not able to determine the dephasing rate of the Raman coherence between HH and LH excitons due to their limitations ͑see details in Sec. II͒. [28] [29] [30] [31] [32] [33] This is due to the fact that this coherence intrinsically overlaps with many other contributions such as ground state bleaching, inhomogeneous broadening, and the polarization interference ͑PI͒ from localized excitons. [34] [35] [36] The correlation of the inhomogeneity may also affect the investigation of Raman coherence. 37 Furthermore, Raman coherence is overlapped with optical coherence in conventional two-pulse or threepulse TFWM experiments. Early measurement of Raman coherence between HH and LH excitons in semiconductors was measured by observing oscillations in a transient absorption experiment. 29 Further work revealed the essential role of exciton-exciton interactions in the signal. 38 Evidence for intervalence band coherences were also found by using the optical Stark effect. 33 Recently, three-pulse TFWM was used to simultaneously measure the dephasing of both the Raman and optical coherences, which allows the correlation coefficient for the dephasing processes to be determined. 39 The 2D correlation spectra that employ S I ͑photon echo͒ show photon-echo signals when displayed as 2D ͑⍀ 3 , ⍀ 1 ͒ spectra for various values of t 2 . In this work, we show that a different projection, ͑⍀ 3 , ⍀ 2 ͒ for a fixed t 1 , provides interesting new information. S I ͑⍀ 3 , ⍀ 2 , t 1 ͒ is obtained by a double Fourier transform with respect to t 3 and t 2 with the corresponding conjugate frequencies ⍀ 3 and ⍀ 2 , holding t 1 fixed. 19 This signal can reveal Raman coherences 29, 33, 38 and other many-body correlations unavailable in the traditional S I ͑⍀ 3 , t 2 , ⍀ 1 ͒ signal. The two projections thus carry complementary information.
II. BASIC PRINCIPLES OF 2D SIGNALS
The 2D correlation spectra show peaks that correspond to pathways in a third-order perturbation calculation of the system density matrix. Double-sided Feynman diagrams 1, 40 are a convenient tool for describing and cataloging these resonances within the rotating wave approximation.
GaAs has a single conduction band ͑CB͒ and two valence bands for HH and LH holes. In bulk GaAs, these two bands are degenerate at k = 0. Quantum confinement lifts the degeneracy. Exciton resonances occur for transitions between the HH and CB and between the LH and CB. These two resonances are well resolved for QW thicknesses around 10 nm. The level scheme of the HH and LH excitons is shown in Fig. 1 
A. Feynman diagrams and the corresponding expressions for the S I technique
Three basic Feynman diagrams contribute to the S I signal. These are associated with ͑i͒ ground-state bleaching ͑GSB͒, ͑ii͒ excited-state emission ͑ESE͒, and ͑iii͒ excitedstate absorption ͑ESA͒. 6, 19 The complete set of diagrams is shown in Fig. 2 . These are all derived from the three basic diagrams by including all contributions of the HH and LH exciton transitions. 19 As in Fig. 1 , the HH and LH excitons are denoted e H and e L , respectively. Different symbols below each diagram represent that diagram on the schematic representations of 2DCS in Secs. II B and II C. Contributions from the GSB and ESE diagrams are labeled with red and green symbols. The colored circles pertain to pathways that include solely e H or e L processes, whereas the diamonds and hexagons represent pathways containing both e H or e L transition. For the ESA pathways, the three symbols are shown for each diagram. The open circles appearing in each diagram represent the contributions from either pure or mixed two-exciton states within time-dependent Hartree-Fock ͑TDHF͒ approximation, where no energy shifts exist from correlation effects. Two-exciton contributions coming from going beyond the TDHF approximation are denoted by colored triangles and squares, where the solid ͑open͒ symbols describe redshifted ͑blueshifted͒ two-exciton states. Note that, for simplicity, we have extended the conventional naming of ESE to include the diagrams without diagonal element in the t 2 period ͑e.g., iic and iid͒ because all these diagrams are derived from the same type of pathway. The same is for ESA.
The sum-over-state expression 1, 19 for the response functions, R I ͑3͒ , which corresponds to the diagrams in Fig. 2 , 
where both e and eЈ can be either e H and e L ; vv
is the frequency and ⌫ vv Ј are the dephasing rate of the v → vЈ transition. e i ͑i =1,2,3,4͒ are the unit polarization vector of the three pulses and the fourth heterodyne pulse. vv Ј are the transition dipoles for various resonances. From Eq. ͑1͒, it can be seen that Raman coherences ͑ϰe −i eeЈ t 2 ͒ occur only in the second and third terms when e eЈ and are related to the time delay t 2 ͑the delay between second and third pulses͒. The Raman coherence corresponds to diagrams ͑iic͒, ͑iid͒, ͑iiic͒, and ͑iiid͒ in Fig. 2 . The dephasing rates for Raman coherence and optical coherence are, respectively, given by ⌫ ee Ј ͑e eЈ͒ and ⌫ e Ј g . From Eq. ͑1͒, it can be seen that it is desirable to measure the Raman coherence and its dephasing along t 2 or its frequency counterpart, ⍀ 2 . However, early experiment 27 on quantum beats among LH and HH excitons was performed along the time delay t 1 ͑the delay between the first and second pulses͒ in a two-pulse scheme TFWM at positive time delays. Thus the beats in these type of experiments should be dominated by the PI from localized excitons. At negative delays, although the TFWM signal varies as a function of t 2 , the signal itself is no longer photon echo anymore. Instead, the negative-delay signal for a two-pulse scheme TFWM ͑Ref. 27͒ corresponds to double-quantum coherence signals 41 where we can see the exciton-biexciton beats rather than the quantum beats induced by Raman coherence. The Feynman diagrams and the corresponding expressions given above are used to qualitatively analyze various pathways appearing in different projections of the spectrum in GaAs QWs. This analysis can provide significant insights to the 2D spectra obtained from numerical simulations in Sec. IV. However, there is no one-to-one mapping between the diagrams and our numerical calculations. Though it is tempting to reason that the Raman coherence diagrams ͑iic͒, ͑iid͒, ͑iiic͒, and ͑iiid͒ could cancel if we assume that excitonto-two-exciton and ground-state-to-single-exciton transition dipoles ͑and frequencies͒ are close to each other, we will find that this is not the case in our experiments and numerical simulations. This suggests that the assumptions above are not good for semiconductors. A reasonable argument is that the single-exciton contribution from ͑iic͒ and ͑iid͒ are much stronger than that of ͑iiic͒ and ͑iiid͒. This is due to the fact that the dynamics of ͑iiic͒ and ͑iiid͒ involves two-exciton transitions.
B. Photon-echo signals in the "Ω 3 , Ω 1 … projection plane
The peak pattern of different contributions to the conventional S I ͑⍀ 3 , t 2 , ⍀ 1 ͒ spectrum is displayed in Fig. 3 C. Photon-echo signals in the "Ω 3 , Ω 2 … projection plane
The S I ͑⍀ 3 , ⍀ 2 , t 1 ͒ spectra are sketched in Fig. 4 where the four panels, respectively, show the GSB, ESE, and ESA contributions and the total spectrum ͓Fig. 4͑d͔͒. The vertical axis is associated with the mixing time t 2 and shows most contributions near zero frequency. In Fig. 4͑a͒ , all the GSB contributions are seen along the zero mixing frequency position ͑⍀ 2 =0͒. In Fig. 3 , these were distributed into diagonal and off-diagonal components. For Fig. 4͑b͒ , the ESE contributions appear at different positions, where the off-zero peaks are related to the Raman coherence between HH and LH excitons. The red hexagon associated with the HH emission is at ͑⍀ 3 , ⍀ 2 ͒ = ͑e H , e H − e L ͒ and the green hexagon associated with the LH emission is at ͑⍀ 3 , ⍀ 2 ͒ = ͑e L , e L − e H ͒. Similarly in Fig. 4͑c͒ , the ESA ͑or two-exciton͒ resonances are well separated.
This projection allows for clearer observation of the Raman coherence. In the ͑⍀ 3 , ⍀ 1 ͒ projection plane, the ESE and GSB peaks overlap ͑red and green diamonds shown in Fig. 3͒ and may not be resolved. In the total spectrum of the ͑⍀ 3 , ⍀ 2 ͒ projection ͓Fig. 4͑d͔͒, two types of contributions to Raman coherence, ͑iic͒ and ͑iid͒ and ͑iiic͒ and ͑iiid͒, overlap at ⍀ 2 0. These two contributions are, respectively, positive and negative and thus reduces the overall strength of observed peaks at these positions. In QWs, however, the contribution from two excitons are generally weak as compared to the single-exciton counterpart. Thus experimentally we still can observe Raman coherence. Different 2D projections provide complementary information by separating various types of peaks in a different way. Not all the contributions represented by Feynman diagrams can be clearly resolved in a single 2D spectrum due to their different relative strength obtained with different excitation conditions and pulse polarization configurations. For example, the beyond TDHF contributions in Figs. 3 and 4 cannot be easily seen in the present S I ͑⍀ 3 , ⍀ 2 , t 1 ͒ but can be easily resolved in other 2D techniques such as doublequantum coherence 2DCS S III ͑⍀ 3 , ⍀ 2 , t 1 ͒ 41 or in S I ͑⍀ 3 , t 2 , ⍀ 1 ͒. 19, 20 In S I ͑⍀ 3 , ⍀ 2 , t 1 ͒, however, Raman coherence is isolated from many other contributions. GSB contribution is completely isolated from Raman coherence because it appears at ⍀ 2 = 0. The effect of localized excitons should also be significantly suppressed. If the PI arises from the interference of HH and LH excitons localized in different regions of a QW, then they can be treated as uncoupled twolevel systems. [34] [35] [36] In this case, PI will not overlap with Raman coherence because uncoupled two-level system will contribute only to the region of ⍀ 2 =0 in S I ͑⍀ 3 , ⍀ 2 , t 1 ͒. However, if both HH and LH excitons are localized in the same site of a QW, then these localized excitons will contribute to the Raman coherence. Inhomogeneous broadening of localized excitons should affect the width of the measured Raman coherence.
In Sec. III, we study the separation of Raman coherences in the ͑⍀ 3 , ⍀ 2 ͒ projection plane experimentally and numerically.
III. EXPERIMENTS
The multiple QW sample employed in the experiments consists of ten periods GaAs/ Al 0.3 Ga 0.7 As with 10 nm wells and 10 nm barriers, grown by molecular beam epitaxy. The sample temperature is kept below 10 K in a cold-finger cryostat. The absorption spectrum displays the prominent HH and LH exciton resonances with an energy splitting 8.4 meV, as shown in Fig. 5 . The incident pulses have sufficient bandwidth to excite both HH and LH exciton resonances.
The 2D experimental geometry is shown in Fig. 6 . The laser source is a mode-locked 100 fs Ti:sapphire laser, which has a repetition rate of 76 MHz and a tunable wavelength around 800 nm. The laser is tuned to a photon energy of 1.555 eV, so that it centered over the LH exciton to compensate for its weaker oscillator strength. The laser pulses are split into four identical pulses and arranged in the standard box geometry. Three of the pulses are used to generate a TFWM experiment, while the fourth beam traces out the direction of the TFWM emission. The fourth beam is used for alignment and is blocked during acquisition of the spectra. The wave vectors of the excitation beams are k 1 , k 2 , and k 3 propagating from three corners of the square to the QW sample, after being focused by a single 20 cm focal length lens. The TFWM signal is emitted in the phase-matched direction −k 1 + k 2 + k 3 and is collimated by another 20 cm focal length lens. The emission is combined on a beam splitter with a reference beam that is split from the third beam before the sample and routed around the cryostat. The combined signal and reference are coupled into a single-mode fiber and transmitted to a spectrometer. The resulting spectral interferogram is recorded with a charge-coupled device camera so as to retrieve the complex TFWM spectrum. 42 The 2D data are acquired by recording a series of interferograms as a function of delay t 2 , which is scanned with a step size of 26.67 fs with a translation stage. The delay t 1 is set to 0 and actively stabilized by a servo loop. The phase of the reference relative to the third pulse is also actively stabilized. 43 The 2D spectrum, S I ͑⍀ 3 , ⍀ 2 , t 1 ͒, is the result of Fourier transforming S I ͑t 3 , t 2 , t 1 ͒ with respect to t 2 and t 3 . The Fourier transform with respect to t 3 is provided by the spectrometer and the Fourier transform with respect to t 2 is performed numerically.
In Figs. 7͑a͒ and 7͑b͒ , we present the two experimental 2D spectra obtained, respectively, with collinear and cocircular polarized excitation pulses. The spectra are normalized according to the strongest peak. However, to clearly extract the relatively weak Raman coherence, we display the amplitude 2D spectra from zero to 0.1. In the collinear case ͓Fig. 7͑a͔͒, there are two separated peaks away from zero mixing energy ͑⍀ 2 =0͒. These two peaks, denoted ͑a͒ and ͑b͒, correspond, respectively, to the red and green hexagons ͑Raman coherences͒ in Fig. 4͑d͒ . They are the only two peaks we are interested in this work. Other peaks at ⍀ 2 0 are attributed to either continuum states of HH or LH excitons or possible disorder in QWs; many of these peaks are weak even compared to the Raman coherences. Both the Raman coherences and the continuum states are visible due to "windowing" of the time series before performing the Fourier transform.
3 This is required since the population lifetime of semiconductor QWs is much longer than both the typical dephasing times and the practical length of the t 2 scanning range. Hence, truncating the long lifetime signal leads to a step function in the time series, which when transformed produces ripples in the form of a sinc͑͒ function and thus compromising resolution. The applied Hanning window ͑h͑t͒ = 0.5+ 0.5 cos͑t / t max ͒͒ is appropriately chosen to remove ripples without unduly broadening the linewidths in the transform direction; here we use t / t max = 0.6.
It should be emphasized that the extraction of Raman coherence from S I ͑⍀ 3 , ⍀ 2 , t 1 ͒ is at the expense of the resolution of other contributions to the signals. For example, while the two strong contributions involving only single excitons, red diamond and red circle, do not overlap in S I ͑⍀ 3 , t 2 , ⍀ 1 ͒ ͓Fig. 3͑d͔͒, they are completely overlapped in S I ͑⍀ 3 , ⍀ 2 , t 1 ͒ at ⍀ 2 = 0. These make the contributions at ⍀ 2 = 0 very strong and almost no clear information can be derived from these strong peaks. However, Raman coherences can be easily resolved in the S I ͑⍀ 3 , ⍀ 2 , t 1 ͒ and we can obtain their information. For example, we can easily extract their linewidth. In the collinear case of Fig. 7͑a͒ , we estimate that the linewidths of the two Raman coherences are ␥ Rh = 3.4Ϯ 0.03 meV and ␥ Rl = 1.8Ϯ 0.08 meV for the HH and LH excitons, respectively. We expect that these linewidths will be the same. The difference between them may be due relative alignment of truncation artifacts to the peaks. It may also be related to the relative amplitudes of the HH and LH peaks. The overall strength of the LH peaks is smaller than those for the HH exciton: the ⍀ 2 = 0 frequency LH is ϳ14% the strength of the HH peak. Even though the overall amplitude of the LH Raman coherence peak is 25% weaker than the HH Raman coherence peak, the relative strengths are 4% and 19% for the HH and LH side peaks compared to the ⍀ 2 = 0 frequency peaks.
The other interesting information that can be obtained from the S I ͑⍀ 3 , ⍀ 2 , t 1 ͒ 2D projection is shown in the 2D spectrum with cocircular polarized excitation ͓Fig. 7͑b͔͒. The 
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amplitude of the Raman coherence side peaks, denoted ͑a͒ and ͑b͒, are smaller under these excitation conditions. As shown in the Appendix, these two peaks are induced by pure correlation effects beyond the TDHF approximation. This is due to the fact that, for cocircular excitations, there are no contributions within TDHF to peak positions ͑a͒ and ͑b͒ in Fig. 7͑b͒ to third-order in the optical field. Thus the S I ͑⍀ 3 , ⍀ 2 , t 1 ͒ projection provides a clear picture of beyond TDHF correlation effects among mixed two excitons.
IV. SIMULATIONS
We next present numerical simulations of these experiments based on a multiband 1D tight-binding Hamiltonian. 2, 44, 45 The Heisenberg equations of motion derived from this Hamiltonian are truncated according to the dynamics controlled truncation scheme. 13, 14 This 1D tightbinding model includes HH and LH excitons and their continuum states in a tractable way and qualitatively account for FIG. 7 . ͑Color online͒ ͑Top͒ Experimental results with collinear excitation ͑left͒ and cocircular excitation ͑right͒. ͑Middle͒ Simulated 2D spectra with collinear ͑left͒ and cocircular excitations ͑right͒. ͑Bottom͒ Simulated 2D spectra with only TDHF contribution: ͑left͒ collinear excitations; ͑right͒ cocircular excitations. In each panel, the Raman coherence side peaks are denoted by ͑a͒ and ͑b͒ for emission at the HH and LH excitons, respectively. various features of 1D four-wave mixing 2 and 2DCS signal processes. 17, 19, 20, 41 Parameters are chosen to fit the HH and LH exciton energies, oscillator strength, and energy splitting determined from the linear absorption spectrum. HH and LH excitons dominate the optical spectra with the chosen pulse center frequency and bandwidth. Some preliminary results on the role of continuum excitonic states on the 2DCS can be found in Refs. 16 and 18 . Figure 7͑c͒ displays the simulated spectrum S I ͑⍀ 3 , ⍀ 2 , t 1 ͒ for a collinear polarization configuration. Two Raman coherence peaks are denoted as ͑a͒ and ͑b͒ in the 2D spectra. Due to the limitation of the 1D tight-binding model, the calculated 2D spectrum is only qualitatively in agreement with the experimental results in Fig. 7͑a͒ . Figure 7͑d͒ shows the calculated spectrum S I ͑⍀ 3 , ⍀ 2 , t 1 ͒ for cocircular excitation. We find that the two side peaks, ͑a͒ and ͑b͒, are weaker as compared to their counterparts with collinear excitations in Fig. 7͑c͒ . This trend qualitatively agrees with the experiments with collinear and cocircular excitations ͓Figs. 7͑a͒ and 7͑b͔͒.
Figures 7͑e͒ and 7͑f͒ show the signals calculated within the TDHF approximation. 19 There are still two side peaks, ͑a͒ and ͑b͒, corresponding to the Raman coherences for collinear excitations ͓Fig. 7͑e͔͒. Thus, for the collinear excitation, HH and LH excitons are coupled even within the TDHF approximation. However, for cocircular excitations, the two side peaks are completely gone ͓Fig. 7͑f͔͒. Note that the weak feature denoted ͑c͒ in Fig. 7͑f͒ is from continuum states and is not a side peak from the HH and LH excitons. Thus we arrive at the conclusion that within TDHF approximation ͓Fig. 7͑f͔͒, there are no signatures of couplings among the LH and HH excitons to third order in the optical field with cocircular excitations. Any side peaks, such as peaks ͑a͒ and ͑b͒ in Fig. 7͑d͒ with full calculation, are from pure correlation effects beyond TDHF. This is also the reason why the two side peaks ͑a͒ and ͑b͒ in the experiment with co circular excitations ͓Fig. 7͑b͔͒ are from pure correlation effects.
A. Separation of Raman coherences by narrow-bandwidth excitations
Raman coherences may also be separated by using narrow-bandwidth pulses that can selectively excite HH or LH excitons. This has been used to dissect photon-echo pathways and to achieve higher resolution of mixed two excitons in a double-quantum coherence technique. 46 Here we employ this technique to isolate the Raman coherence. We employ three narrow-bandwidth pulses that can, respectively, excite only LH, HH, and LH excitons. We thus select only pathways ͑iic͒ and ͑iiic͒ in Fig. 2 . The corresponding schematic 2DCS is shown in the left panel of Fig. 8 . Had we chosen another pulse sequence that can excite only HH, LH and HH excitons, then the other two pathways ͑iid͒ and ͑iiid͒ are selected and the corresponding schematic 2DCS is shown in the right panel of Fig. 8 .
In Fig. 9 , we present the simulated 2D spectra corresponding to the schematic representation in Fig. 8 . Raman coherence is now completely separated from all other contributions.
V. CONCLUSIONS
We presented the experimental and simulation results of a 2D correlation spectroscopy technique that can isolate the Raman coherence between LH and HH excitons in semiconductor QWs. Such coherences, which overlap with other dominant single-exciton contribution in S I ͑⍀ 3 , t 2 , ⍀ 1 ͒, may be resolved in the S I ͑⍀ 3 , ⍀ 2 , t 1 ͒ signal. We also proposed a way to separate the Raman coherence in a background-free way. 9 . ͑Color online͒ Simulated 2DCS with ͑left͒ a pulse sequence that can only excite LH, HH, and LH excitons, respectively; ͑right͒ a pulse sequence that can only excite HH, LH, and HH excitons, respectively. The pulse power spectra are shown on top of each 2D spectrum. 
234711-8
Yang et al. J. Chem. Phys. 129, 234711 ͑2008͒
